In recent years, the food processing using high-energy pressure pulse is gaining attention due to no heat evolution in the process. In this study a vessel was designed for the shock pressure treatment of food. An underwater shock wave generated by the detonating fuse was applied as the source of high-energy pressure pulse. The underwater shock wave was investigated by optical observation and pressure measurement experiments. The results are then compared with the computer simulation using LS-DYNA code. The agreement between the experimental results and the numerical analysis is found to be good. The food processing of apple was performed using the designed vessel. The hardness of the apple has decreased showing the effectiveness of the newly designed vessel.
INTRODUCTION
Stabilizers and additives are added to food to preserve flavor or improve its taste and appearance. However, recent literature reports that these additives affect human body and many nutritional compounds are lost by the excessive use of antiseptics. Hence, food processing requires food safety and retention of nutritional value. In the conventional food processing, more energy and time is required for applying antiseptics, extract useful nutritional compounds and for seasoning foods. A viable technique for food processing using an underwater shock wave is proposed in this paper. In this technique, extraction and softening of food can be performed at low temperature and short time by applying underwater shock wave, which can also do the sterilization 1)- 3) . As the process requires limited steps and less time, it is an efficient method for food processing. It was demonstrated that extraction of polyphenolic compounds increased in the apple juice processed by underwater shock wave 4) . This processing is useful for the extraction of juice and nutritional compounds. The design and evaluation of a pressure vessel to perform such a food processing using high-pressure is indispensable.
In this study, underwater shock wave is generated by underwater explosion of a detonating fuse. When an underwater shock wave passes through the food, it causes the softening of food by the incident wave and the difference of the impedance in food.
In this study, as a first step, the propagation process and the attenuation of the underwater shock wave generated by underwater explosion of detonating fuse were investigated by optical observation and pressure measurement. Secondly, a food-processing vessel, which consists of a detonating fuse, water, silicon rubber and stainless steel (JIS SUS304), was designed and manufactured. This vessel was evaluated by numerical analysis using LS-DYNA code 5) and the relation between the experimental results and the numerical results of underwater shock wave generated by the detonating fuse was analyzed. Such a numerical analysis is good for saving the cost for designing the pressure vessel. Finally, the food processing using apple was done using the designed vessel and the performance of this vessel was evaluated.
TRANSMISSION AND REFLECTION OF SHOCK WAVE
A shock wave consists, ideally, of a shock front, a flat top, and a release part 6) . The schematic illustration of the transmission and reflection of a shock wave is shown in Fig. 1 . Now, a shock wave propagated through medium A is applied to medium B. The incident shock wave by the velocity of U s i propagates to the boundary of medium A and medium B. When the incident wave reflects on this boundary, the incident wave converts into a transmitted wave and a reflected wave. The equations of conservation of momentum for the transmitted wave and the reflected wave are shown below.
(1) (2) where i and t superscripts represent the incident wave and the transmitted wave, respectively. ρ A and ρ B show the initial density of medium A and medium B, respectively. Since the shock impedance is dependent the incident pressure, the incident shock impedance ρ A U s i and the reflected shock impedance ρ A r U s r are equal.
Consequently, the equation of momentum conservation for the reflected wave will be as follows.
(4)
By assumption of continuity, the reflected pressure P r and the particle velocity u p r can be found as P r =P t and u p r =u p t . Similarly the pressure of the transmitted shock wave in medium B can be shown as follows. (5) where C B and s B are the sonic wave velocity and Hugoniot parameter 7) in medium B, respectively. In view of eqs.(1) and (5) , P 0 can be neglected in comparison with P i and P t , then the P r is written as (6) When a shock wave traveling in the low impedance medium A arrives at the boundary with the high impedance medium B, transmitted and reflected waves propagate as shock waves. On the other hand, a shock wave propagates in high impedance medium A reaches the boundary with low impedance medium B, produces a transmitted shock wave and a reflected expansion wave. Figure 1 Schematic illustration for incidence, reflection, and transmission of a shock wave in different media It is reported that underwater shock wave can be employed for improvement of wood properties 8) . The underwater shock wave applied on wood, the shock wave and the reflected wave propagated to cell into wood destruct the cell of wood. Such a treatment has resulted in better dryablility character and moreover enhanced permeability of wood which is importance in preparation of fireproof wooden materials by the diffusing fireproof chemicals into the wood. In this study, when an underwater shock wave passes through the food, the food processing is achieved by the incident shock wave and the reflected wave produced by the impedance difference of food, water and vessel.
EXPERIMENTAL METHOD
Detonating fuse (NIPPON KAYAKU Co., Ltd.) was used as the high pressure source for the food processing. Detonating fuse is a high velocity non-electric blasting, flexible, easy to use and extremely safe accessory. Detonating fuse has a core of pentaerythritoltetranitrate (PETN) covered with various layers of cotton and synthetic fibers. The density of PETN in the detonating fuse is 1200kg/m3, the diameter of fuse is 5.4mm, and the linear density of the explosive charge is 10g/m. This explosive has a detonation velocity of 6300m/s. The underwater shock wave generated by the underwater explosion of the detonating fuse was measured by the optical observation and the pressure measurement. The experimental setup for optical observation is shown in Fig. 2 . This fuse was initiated by No.6 electric detonator (ASAHI KASEI Chemicals Co.) in water.
Figure 2 Experimental setup for optical observation
The optical observation that is based on shadowgraphy was used to evaluate the underwater shock wave generated by the detonation fuse. The shadowgraph system used in this study is shown in Fig. 3 . In this system the shadow of the light is observed and projected by density change on a screen or the film of the camera. The shadowgraph method has been used for visualization of a shock wave or the motion of a wave for many years. The shadowgraph system and a high-speed camera (IMACON468 of HADLAND PHOTONICS, Framing rate; 100 to 100000000 fps, Streak window; 10ns to 100µs) were used to observe the underwater shock wave. Framing photographs and streak photograph for the underwater shock wave generated by the detonating fuse are taken by a high-speed camera. The pressure measurement of underwater shock wave was performed by the pressure transducer using the elastic bar to which two semiconductor strain gauges are connected 9) . The feature of this pressure transducer is its capability to measure a pressure of about 1GPa for several times. The schematic drawing of the pressure transducer is shown in Fig. 4 . This transducer consists of an elastic bar, which receives the pressure as underwater shock wave, a protective cap (JIS SKD11, 18mm in the outside diameter), and a protective stainless steel pipe (JIS SUS304, 18mm in the outside diameter, and 3mm in thickness). The elastic bar is a tungsten bar of 5mm in diameter and 300mm in length (0.2% yield stress 1.4GPa, dynamic Young's modulus 412.7GPa and characteristic frequency 500kHz). In this tungsten bar, two semiconductor strain gauges (Kyowa Electric Instrument Co., Ltd., 1mm in the gage length, resistance 350Ω, maximum strain 3000×10 -6 and gauge factors 151) are fixed at a distance of 30 mm from the pressure-receiving end. The Wheat Stone bridge circuit is connected to these semiconductor gauges and a dummy gauge kept near the bar. The elastic stress wave propagates through the bar when an underwater shock wave is received at the end of the bar and a potential difference is caused in the bridge circuit by the generated stress. This potential difference is directly recorded to an oscilloscope without the amplifier. Having the elastic stress generated in the bar P B , Young's modulus E, the strain ε, the sound velocity of tungsten bar C B (4650m/s) and the density of the tungsten bar ρ B (19088kg/m 3 ) are given, it could be shown that E=C B 2 ρ B and P B =Eε. The gauge factor G can be obtained from G = ∆R/Rε. Having and P B =Eε, the elastic stress in the bar can be expressed as (7) where the value of the constant K 1 is 1.173, G is 151, V 0 is the circuit voltage and V out is the output voltage. The Wheat Stone bridge circuit is shown in Fig. 5 .
Figure 5 Wheat Stone bridge
Since the conservation of mass and momentum are applied on the boundary of water and a tungsten bar, the peak pressure on the surface of the bar is obtained from the following equations by matching the acoustic impedance in water and tungsten bar. (8) where ρ w is the density of water (1000kg/m 3 ) and C w is the sound velocity of water (1490m/s). Also, the value of the constant K 2 is 1.4. When the incident angle is α=0 o , the Eq. (8) is shown as follows.
The underwater shock wave generated by the detonating fuse is applied to a tungsten bar at the angle of 17 o from the results of the optical observation.
Processing of an apple was performed by the designed pressure vessel. The processing effect was evaluated by measuring the hardness of the apple. Hardness was measured before and after processing by vertically pushing down a DUROMETER (TECLOCK Co.) with a constant speed against the surface of the apple. The weight of the durometer placed on the apple was acting as the measuring force.
NUMERICAL ANALYSIS METHOD
The propagation of the underwater shock wave, the detonation of detonating fuse, and the vessel are evaluated by the numerical analysis. The vessel for food processing is designed by detonating fuse, water, silicon rubber and SUS304. In numerical analysis, food is not arranged, and only the layer of water is arranged. The numerical analysis model is shown in Fig. 6 . The mesh size was 1x1mm. This vessel is simulated with fluid and structure coupling algorithm 10, 11 ) and the multimaterial formulation of LS-DYNA3D. The fluid is solved by using an Eulerian formulation on a Cartesian grid that overlaps the structure, while the structure is described by a Lagrangian approach. The Eulerian formulation is used for the detonation product of explosive, water and air, and the Lagrangian method is used for rubber and SUS304 in this study. In the pure Lagrangian approach, the mesh moves with the material, making it easy to track surfaces and apply boundary conditions. Using an Eulerian description, the mesh remains fixed while the material passes through it. In fluid-structure interaction, contact algorithms compute interface forces due to impact of the structure on the fluid. These forces are applied to the fluid and structure nodes in contact in order to prevent node from passing through contact interface. The governing equations for the fluid formulation are given by conservation equation of: where ρ is the density, σ is the Cauchy stress, and v is the velocity of fluid. In Lagrangian formulation, the mass is automatically conserved. In LS-DYNA, a viscosity term is not considered in Lagrangian formulation and Eulerian formulation. Jones-Wilkins-Lee (JWL) equation of state 12.13 ) for detonation product gas of the detonating fuse and Mie-Gruneisen equation of state for water and SUS304 is used in the model, because a hydrodynamic material model requires an equation of state to define the pressure-volume relationship.
JWL equation is used for the equation of state for the detonating fuse. This equation is shown below (15) and the parameters are shown in Table 1 .
(15)
V=ρ 0 (Initial density of an explosive)/ρ (Density of detonation gas), P JWL is pressure, e is Specific internal energy and A,B,R 1 ,R 2 and ω are JWL parameters. (16) η=1-ρ 0 (initial density of the medium)/ ρ(density of the medium), P is Pressure, e is Specific internal energy, c 0 ,s are Constants of material and Γ 0 is Grüneisen coefficient The equation of state for an air in this research was considered to be a Linear Polynomial equation 5 ). This equation is shown below and each coefficient is shown in Table 3 .
(17)
The linear polynomial equation of state was used to model a gas with the gamma law equation of state. This may be achieved by setting.
C 0 = C 1 = C 2 = C 3 = C 6 = 0 and C 4 = C 5 = γ -1 where γ is ratio of specific heats. The elastic material is used for the silicon rubber. The density is 1230kg/m 3 , Young's modulus is 0.3MPa and Poisson's ratio is 0.48.
UNDERWATER SHOCK WAVE GENERATED BY DETONATING FUSE
Framing photographs of underwater shock wave generated by underwater explosion of the detonating fuse are shown in Fig. 7 . It is evident from these framing photographs that the underwater shock wave propagates in an axially symmetric manner. The streak photograph represents the time in the horizontal positive axis and the distance in the vertical axis as shown in Fig. 8 . In Fig. 7 and Fig. 8 , DF shows the detonating fuse, UWS is underwater shock wave, and PG is the product gas produced by the detonation of the detonating fuse. The relation between the time and the distance of underwater shock wave obtained by the streak photograph is shown Fig. 9 . The velocity of shock wave is shown by the inclination of this figure. The underwater shock wave generated from the detonating fuse attenuates while propagating in water. This inclination of a nonlinear curve represents attenuation of a shock wave. When the inclination becomes linear gradually, the shock wave converges.
The attenuation curve of the underwater shock pressure is shown in Fig. 10 . This attenuation of an underwater shock wave is the curve expressed as P = 4870.8x -0.841 . Figure 7 Framing photographs of underwater shock wave generated by underwater explosion of the detonating fuse 
DESIGN OF VESSEL FOR FOOD PROCESSING
When food processing using an underwater shock wave is performed, it is known that the suitable pressure of underwater shock wave applied to food is 30~70MPa 4 ). The size of the designed pressure vessel was decided by an optical observation and the pressure measurements of the underwater shock wave generated by the detonating fuse. The schematic illustration of the food processing vessel is shown in Fig. 11 , and the photograph of the designed pressure vessel and the setup in the vessel is shown in Fig. 12 . ED shows the electric detonator. Since it must be used frequently, the pressure vessel is surrounded by SUS304, and the product gas of the detonation of the detonating fuse is prevented, form reaching the food, by the silicon rubber. Water around food is arranged in order to help propagation of a shock wave. Food is processed by the underwater shock wave passed through the silicon rubber and a reflected shock wave on SUS304. The pressure contours of the food processing vessel are shown in Fig. 13 . The relation between the numerical results and the experimental results of underwater shock wave is shown in Table 4 . The numerically obtained value of the underwater shock wave pressure at 200mm from the left end of calculation model shown by the dashed line in Fig. 6 is compared with the experimental data. The agreement between the experimental result and the numerical analysis is found to be good. Moreover, the detonation velocity of the detonating fuse was 6069m/s in numerical analysis. The reflected wave between the water and the SUS304 is seen in the pressure contours at 320µs. Since the impedance of the SUS304 is higher in comparison with water, the reflected shock wave propagates as the shock wave. The duration of the pressure for the food processing in the vessel is increased by this reflection.
In numerical results, the pressure of the underwater shock wave passed through the silicon rubber was 49MPa. The reflected shock wave is over 49MPa from the results obtained by the pressure contours, but the food was not arranged in this model. Thus, the pressure value of the reflected shock wave applied on a food is not clarified. The particular value of reflected shock wave is still unclear and deserves further research. Pressure histories of the underwater shock wave passed through the silicon rubber in This pressure pulse is applied to food. When the distance from the left end is in between 200mm to 300mm, the constant pressure is applied to food, but this constant pressure cannot be obtained around the beginning and terminating of the detonating fuse. However, the reflected wave propagates to the whole vessel ( Fig. 13) and hence extraction and a softening of food are achieved by the underwater shock wave and the reflected wave. Figure 14 Pressure histories of the underwater shock wave applied on food
FOOD PROCESSING USING APPLE
The processing of apple was performed by using the designed vessel. A photograph of the apple before and after processing is shown in Fig. 15 , and the hardness of apples is shown in Table 5 . The hardness of apples was measured at the center of (3), near of the peel (1), and the in the middle of 3 and 1 (2) . An apple does come apart by the shock wave, and almost retains its initial form. However, the hardness decreases at all measuring points. A juice by squeezing, without grating up, apples can be got. Furthermore, people not having biting ability, are able to take the food that was processed by this method. Figure 15 Photograph of apples before and after processing 
CONCLUSION
In this study, a pressure vessel for the food processing using detonating fuse was designed. This vessel was evaluated by experiments and numerical analysis. The agreement between experimental results and the numerical analysis of the underwater shock wave generated by the detonating fuse is found to be good. When the designed vessel was used, the incident underwater shock wave passed through the silicon rubber, and the reflected shock wave produced by the water and SUS304 is applied on the food. The pressure of the underwater shock wave propagating through silicone rubber was calculated to be 49MPa using numerical analysis. The processed apple became soft with reduced hardness and ready to use.
